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 The Central Atlantic Magmatic Province (CAMP) at the Triassic-Jurassic 
boundary, is the largest known igneous province in the world. However, the geometry 
and volume of CAMP intrusives under the Coastal Plain of the southeastern United States 
are poorly known. Under the Coastal Plain sediments of Georgia and South Carolina, the 
“J” seismic reflector was predicted to be produced by a CAMP lava flow. Recent studies 
of seismic and well data have shown that the “J” reflector is an unconformity and only 
locally a CAMP lava flow. In the Clubhouse Crossroads area of South Carolina, seismic 
reflection, seismic refraction, and well data are available to constrain the shallow 
structure under the Coastal Plain sediments but have not succeeded in imaging the 
underlying pluton. We take advantage of a rich potential field dataset to predict the 
deeper structure of the CAMP mafic intrusive pluton at Clubhouse Crossroads for the 
first time. The CAMP plutons have both very high densities as well as high magnetic 
susceptibilities, which makes them ideal for 3-D inversion techniques. We forward 
modeled the shallow structure with seismic and well control and then inverted for the 
shape of the deeper structures assuming realistic densities and magnetic properties. The 
inversion methods used include Fast-Fourier Transform inversion with GMSYS 3D, 
gravity Fourier Matlab depth inversion, and Oasis Montaj-Voxi earth modeling inversion. 
The resulting 3-D models show that the Clubhouse Crossroads mafic intrusive is a 
diabase/gabbro CAMP age laccolith fed by two deep conduits. The laccolith is up to 2 km 
thick and extends from 1 to 3 km depth over an area of 1900 km
2
. The volume of the 
vi 
Clubhouse Crossroads laccolith is 1300 km
3
 or over eight times larger than the Palisades 
Sill in the Newark Basin. Previous estimates of the Clubhouse Crossroads volumes based 
solely on drilling and seismic reflection may greatly underestimate the total volumes of 
CAMP preserved under the Coastal Plain. CAMP laccoliths and basalts under the Coastal 
Plain may form self-sealing storage reservoirs for CO
2
 sequestration by injection wells. 
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Central Atlantic Magmatic Province (CAMP) is the largest known igneous 
province in the world. However, geometry and volume of CAMP intrusives in the SE US 
under the Coastal Plain are poorly known. Clubhouse Crossroads basalts have been 
sampled by drilling, but seismic reflection and refraction have not succeeded in imaging 
the deeper pluton. This study takes advantage of a rich potential field dataset and the high 
densities and magnetic susceptibilities of the mafic rocks to model the deep structure of 
the pluton for the first time. 
1.1 The Central Atlantic Magmatic Province 
At the end of the Triassic, within ~ 1 m.y. of 200 Ma, the Central Atlantic 
Magmatic Province (CAMP) formed as the largest continental igneous province in the 
world (Fig. 1) just before Pangea broke up. CAMP spans four continents and covers an 
estimated area of 7-10 ×10⁶  km² (Marzoli et al., 1999; McHone, 2000). The massive 
CAMP tholeiitic basalts flows have been associated with Triassic-Jurassic mass 
extinctions. Widespread magmatism occurred up to 2000 km from the continental 
margins. Geochemical signatures of CAMP suggest an upper mantle source modified by 
subduction processes, and different subduction-related signatures were recognized in the 
mantle source of the northern versus southern CAMP lavas (Whalen et al., 2015). CAMP 
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Rocks are found in buried rift basins, including the South Georgia Rift (SGR) 
Basin (Daniels et al., 1983; McBride et al., 1989). The basaltic magmatism produced 














Figure 1.1 Map of the southeastern North American CAMP diabase dike swarm 
(Ragland et al., 1983) based on the aeromagnetic mapping. Triassic rift basins of the 
Newark Supergroup are outlined as grey areas. U.S.A. state acronyms are as follows: GA 
Georgia, SC SouthCarolina, NC NorthCarolina, VA Virginia, DE Delaware, NJ 
NewJersey, and PA Pennsylvania. (modified after Marzoli et al., 2011; Callegaro, and 
others, 2013) 
The distribution and timing of this magmatism and the absence of regional uplift 
or a single identifiable hotspot track suggest strong lithospheric control on the origin of  
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the Central Atlantic Magmatic Province (e.g., Hames et al., 2000, Figure 1.2), although a 
broad Western Pacific Cretaceous super swell-style origin cannot be completely ruled 
out. 
Figure 1.2 CAMP geodynamic schematic model (Hames et al.,2000). The upper model 
illustrates magmas being produced by lithosphere-mantle interaction at 230 Ma. The 
lower model shows melting and magma emplacement ca. 200 Ma, North America (NA), 
Africa (AF), and CAMP. 
1.2  Dike Age Dates 
There are three major directional groups (Beutel et al., 2005): northwest trending 
dikes, north to the north–northwest trending, and minor northeast trending dikes (Figure 
1.1). Dikes with all three trends were emplaced within a 2 Ma period (c.a. 199–197 Ma) 
and may represent a rapidly changing stress field (Beutel et al., 2005). Dikes in the 
southeastern United States represent a major component of the Central Atlantic 





U/Pb ages were used to date extensive basaltic magmatism in northernmost South 
America at 200 ± 4 Ma (Beutel et al., 2005).  The magmatism coincided closely in time 
with a major mass extinction at the Triassic-Jurassic boundary. Geochronological and 
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paleomagnetic data constrain the CAMP age range between ~ 191 and 205 Ma with most 
of this widespread magmatism peaking at 200 Ma.  
1.3. Clubhouse Crossroads Age Dates 
CAMP ages vary from 204 Ma to 190 Ma (Nomade et al., 2005). Clubhouse 
Crossroads Ar-Ar ages vary from 204 Ma to 162 Ma (Lanphere et al., 1983; Gottfried et 
al., 1983) although Hames et al. (2010) found 172 Ma to 169 Ma. However, there are no 
ages for the diabase or gabbro intrusive. In South Georgia, diabase from four wells are 
dated from 182± to 209±14 Ma, which is within the range of dates reported for diabase in 
the Newark-Gettysburg basin (Chowns and Williams, 1983). 
1.4. South Georgia Rift Basin 
The South Georgia basin is the southernmost and largest early Mesozoic rift basin 
of the eastern margin of North America. Early Mesozoic rift-basin formation along the 
eastern margin of North America typically involved igneous activity emplaced as diabase 
dikes, sills, and basalt flows in sedimentary groups (Olsen, 1997). Rifting and the 
depositional history of Mesozoic rift basins after Olsen (1997) in Whalen et al. (2015) 
proposes that synrift CAMP flows are absent from the southern rift basins, but age 
constraints for basin fill rely on biostratigraphy, paleomagnetic data, and Milankovitch 
cyclicity and are poorly constrained (Olsen, 1997). It has long been assumed that the 
largest of the CAMP flows was preserved in the South Georgia Rift as the prominent “J” 
reflector at the base of the Atlantic coastal plain (Figure 1.3). The “J” reflector/horizon 
was named by Schilt and others (1983) and has been correlated with a series of tholeiitic 
basalt flows encountered in the Clubhouse Crossroads drill holes (Gottfried and others, 
1983). Recent work by Heffner et al. (2012), however, showed that most wells 
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penetrating the reflector did not encounter basalt, but rather an impedance contrast at the 
base of the Coastal Plain sediments (Figure 1.4). Numerous wells did, however, 
encounter diabase. The rich spatial gravity and magnetics data coverage reveal 
widespread sills, dikes, and deep conduits or plutons buried in the South Georgia Rift 
Basin (Chowns and Williams, 1983) that represent major components of the Central 
Atlantic Magmatic Province (Figure 1.5). 
 
Figure 1.3 SC1 reflection profile un-interpreted (top) and interpreted, which shows J 
reflector highlighted.  Three wells penetrated 750 m of Coastal Plain sediments. 
Clubhouse Crossroads (CC) Wells 1 and 2 terminated in basalt/diabase. CC Well 3 
terminated in red sedimentary beds. Ackermann’s (1983) refraction profile endpoint, 
CDP numbers between 113 and 60. 
 
Figure 1.4 Map of South Georgia Rift (SGR) displays postulated flood basalt (shown in 
gray) and wells that penetrated basalt (filled circles) and diabase (half filled circles). 
(modified from McBride et al. 1989; Chowns and Williams, 1983). 
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Figure 1.5 A: Distribution of dikes and flows (black) of Central Atlantic magmatic 
province (May, 1971, with additions from Deckart et al., 1997; Marzoli et al., 1999)B: 
Distribution of Mesozoic basaltic dikes, sills, and flows of eastern United States and 
Triassic-Jurassic basins of Newark Supergroup (adapted from Ragland et al., 1983; 
Chowns and Williams, 1983). Abbreviations: CB Culpeper basin, DB Durham basin, GB 
Gettysburg basin, HM Haile mine, NB Newark basin, P Pageland dike, PS Palisade sill, 




2.1  Seismic and Well Data 
Seismic lines and limited good data are available in the study area, most designed 
to investigate seismicity and faults located near the epicenter of the 1886 Charleston 
earthquake. In 1975, three Clubhouse Crossroads (CC) wells were drilled 40 km west-
northwest of Charleston, SC by U.S.G.S (Figure 2.1). The Clubhouse Crossroads wells 
penetrated coastal plain sediments before entering Triassic red beds and tholeiitic basalts. 
Clubhouse crossroads #3 well was drilled on the largest positive magnetic anomaly 
(Figure 2.1, 2.2). Seismic data over the Clubhouse Crossroads mafics includes the 
SEISDATA 4 profile (Figure 4.7). 
 
Figure 2.1 Left side shows the map of SGR by Heffner et al. (2013). Right side shows 
zoomed in map of the study area. The blue star is the location of Charleston, South 
Carolina. Red lines refer to the Virginia Tech reflection profiles (VT), green lines South 
Carolina profiles, and purple lines (COCORP).
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Twenty-five seismic refraction profiles were obtained by Ackerman starting in 
1975, and four Consortium for Continental Reflection Profiling (COCORP) profiles were 
collected in 1798 (Figure 2.1). Five reflection profiles were collected by Virginia Tech 
(VT), and nine seismic reflection profiles being were collected by U.S.G.S (especially 












Figure 2.2 A: Portion of stacked seismic line data in two-way traveltime (TWTT) (U.S. 
Geological Survey SC-1, Chapman and Beale, 2010). B: The selected wells show the 
penetration of Coastal plain, Triassic (Tr) red beds, and Jurassic basalt and diabase. CC 
#3 is Clubhouse Crossroads well #3. 
2.2 Potential Field Data 
USGS aeromagnetic and land gravity for South Carolina acquired from 1958 to 
1978 and regional data acquired from the United States Geological Survey U.S. Gravity 
Database (and P. Talwani) and the North American Magnetic Map are maintained at the 
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University of Texas-El Paso (U.S. Gravity Database) 
http://research.utep.edu/default.aspx?tabid=37229, North American Magnetic Database 
http://research.utep.edu/Default.aspx?tabid=38747, USGS South Carolina Gravity and 
Magnetic Data https://pubs.usgs.gov/of/2005/1022/ (Daniels and Talwani, Figure 2.3). In 
South Carolina, the aeromagnetic survey flight line spacing is 1.6 km; the land gravity 
data has an average spatial resolution of ~ 5 km (Figure 2.3). The aeromagnetic data were 
gridded to a 1 km cell size, and the land gravity data were gridded to 2 km cell size. 
 
  
Figure 2.3 Bouguer gravity map (left) and aeromagnetic map (right) showing the study 




3.1  Database 
Potential field data are from the United States Geological Survey (USGS) U.S. 
GravityDatabase(http://gis.utep.edu/subpages/GMData.html?option=com_content&view
=article&id=197%3Agdrp-home&catid=51%3Amain-site&Itemid=59) and the North 
American Magnetic Map (https://mrdata.usgs.gov/magnetic/).  The aeromagnetic survey 
flight line spacing is ~1.5 km and the land gravity station spacing is ~5 km. Based on the 
density of sample measurements, the total magnetic intensity data were gridded to a 1.0 
km cell size, and the Bouguer land and shipborne gravity data were gridded to 2 km cell 
size. 
3.2 Rock Properties 
Rock properties, including magnetic susceptibilities, measured in centimeter gram 
seconds (cgs), and densities, measured in grams per cubic centimeter, are derived from 
laboratory measurement of rock samples from the southeastern U.S., or determined using 
seismic compressional-wave velocities from regional seismic surveys and Nafe-Drake 
equations that relate p-wave velocity to density (Ludwig et al., 1970). Because all rock 
properties are calibrated to samples from the region, susceptibility and density values are 
valid inputs to forward models. The magnetic susceptibility of diabase/gabbro is one
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exception in that magnetic susceptibility measurements have not been made from 
samples in the southeastern U.S., despite the fact that the rock type has been encountered 
in the subsurface in Georgia (Chowns and Williams, 1983) and in the Summerville oil 
well near the study area (Figure 2.1). The susceptibility value used in the forward model 
is derived from samples taken from the Newark-Gettysburg Triassic basin of 
Pennsylvania. This susceptibility value is valid in the context of the southeastern U.S. 
because the Newark-Gettysburg and South Georgia rift basins both belong to a 
genetically related system of rift basins that preserve Triassic strata and Upper Triassic-
Lower Jurassic CAMP magmatism in the form of diabase sills and basalt flows (Sumner, 
1977). In South Georgia, diabase from four wells intrude Newark series strata and are 
dated from 182± to 209±14 Ma, which is within the range of dates reported for diabase in 
the Newark-Gettysburg basin (Chowns and Williams, 1983). A table of magnetic 
susceptibilities and densities used in potential field forward modeling appears below) 
(after Duff and Kellogg, 2019). 
3.3  Gravity Method 
The gravity method explores different density structures in the underground, 
taking advantage of the change in gravitational acceleration which is based on Newton’s 
Law. In the method, the vertical component (gz) of the gravitational acceleration is 
measured. Gravity anomalies are caused by the subsurface structures, and can be modeled 
in 3-D. For reliable modeling, depth information is also required. The basic gravity 






where F is the gravitational force between two masses, M and m are the two masses, G is 
the gravitational constant, R is the distance of the center of two masses (Verlinde, 2011). 
 Under the gravitational force 𝐹𝑔 = 𝑚𝑔, g is the acceleration of gravity. From 





is the acceleration of gravity. The value of near the surface of the Earth’s is 9.81 𝑚/𝑠2 
towards the center of the Earth (Parker, 2002). The unit of the acceleration of gravity is 
miligal (mGal) where 1 𝑚/𝑠2= 100 Gal=104𝑚𝐺𝑎𝑙. 
3.4 Magnetic Method 
 The magnetic method is one of the oldest methods used in geophysical 
exploration based on mathematical principles regardless of the area of the application. 
The purpose of the method is to analyze the changes in Earth’s magnetic field. The 
magnetic field is more complicated and has greater variation than the gravity field. This 
is due to the variable direction of the magnetic field, past magnetic reversals, and the 
order of magnitude variations in rock magnetic susceptibility. The gravity field is always 
in the vertical direction and time-invariant. While the gravity method calculates the 
vertical component of gravity acceleration of the Earth, in the magnetic method various 
components of the magnetic field are measured (Telford et al., 1990).  
 Magnetic susceptibility is an important variant producing the induced magnetic 
field, as rock densities produce the gravity field. The susceptibility of rocks depends on 
the rock mineralogy, especially the ferrimagnetic minerals (mainly magnetite). 
Metamorphic and igneous rocks have much higher magnetic susceptibilities than 
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sedimentary rocks (Telford et al., 1990). Table 3.1 shows the magnetic susceptibilities of 
various rocks and minerals. 
Table 3.1 Magnetic susceptibilities of various rocks and minerals (T.M. Boyd, Colorado 
School of Mines, 1997). 
 
 
Remanent and Induced Magnetization 
No remanent magnetization was assumed for the source body in the2-D profiles 
(Figs. 4.9 – 4.12) and 3-D inversions. As Holbrook et al. (1994) noted, given the 
uncertainties in the age and duration of rifting and direction of the paleofield, estimates of 
the direction of remanent magnetization are difficult and involve assumptions for which 
there is little direct evidence. There are few direct measurements of remanent 
magnetization of CAMP age mafic rocks. Phillips (1983) reported paleomagnetic 
investigations on CAMP age basalt samples recovered from three USGS deep test holes 
at Clubhouse Crossroads near Charleston, S. C., where 23 flows were identified. Six of 
the flows had negative magnetic inclinations, which were interpreted as reversed polarity; 
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one test hole contained a definite sequence of five reversed-polarity intervals separated 
by four normal polarity intervals. The frequent polarity reversals during the Jurassic 
complicate any assumption of one remanent magnetization direction. Holbrook et al. 
(1994) modeled the offshore Brunswick Magnetic Anomaly (BMA) signature assuming 
an induced anomaly from highly magnetized transitional crust with magnetic 
susceptibilities from 0.026 to 0.035 cgs. Austin et al. (1990) modeled the BMA source as 
a strong, remanently magnetized mafic body (0.045 to 0.067 cgs), assuming an Early 
Jurassic paleofield: declination = -2.2°, inclination = 46.0°. Davis, et al., (2018) 
investigated emplacement rates for packages of basalt flows (seaward dipping seismic 
reflectors or SDRs) that form part of the source of the East Coast Magnetic Anomaly 
(ECMA), offshore North Carolina. Using the measurements of Philips (1983), they found 
that the combination of varying-polarity basalt layers causes the remanent anomalies of 
the layers to cancel out, significantly limiting the amplitude that the integrated magnetic 
anomaly can produce. Therefore, at reasonable rates of continental extension (< 20 mm 
yr-1) and magnetic chron duration (0.5 Ma), modeling results preclude the development 
of large, exclusively positive, high amplitude magnetic anomalies from remanent 
magnetization. Instead, Davis, et al. (2018) conclude that the ECMA is best explained as 
an induced magnetic anomaly from SDRs with a magnetic susceptibility of 0.05 cgs. 
Both induced and remanent solutions can produce the BMA offshore, and both models 
require a highly magnetized mafic source (Duff and Kellogg, 2019). Given the 
similarities in the expected magnetic anomalies produced and the uncertainties regarding 
the polarity of remanent magnetization, I assumed induced magnetization for our onshore 
source. 
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3.5 Interpretation Methods 
 The potential field data are interpreted in order to map the subsurface structures 
such as faults, dikes and contacts. The interpretation has been done by applying the 
following techniques: Tilt Derivative, Reduced to Pole, Analytical Signal, and 2-D 
modelling in Geosoft Oasis Montaj (version 9.2) software. 
Tilt Derivative 
 Tilt derivative method provides a simple and fast way to estimate the dept to the 
magnetic basement for large areas, and to enhance the shallow features. Tilt derivative is 
the first order of the reduced to pole (RTP) (Fairhead et al 2010). Verduzco et al. 2004 
defined the generalized local phase of the Tilt angle as: 

















, and Total horizontal derivative 










. Also, TDR are defined as: 





) for profile in x direction.  
𝑇𝐷𝑅 = 𝑡𝑎𝑛−1 (
𝑉𝐷𝑅
𝑇𝐻𝐷𝑅 
) Grid (x, y) (Mousa and Al-rahim,2016). 
Analytical signal 
 Analytical signal (AS) is one of the common methods to interpret potential field 
data, also known as the total gradient technique. The technique is used to estimate the 
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depth and the edge of the structure, causing the anomaly. One significant advantage of 
AS is its independence from the direction of magnetization of the source. The technique 
is applied by peaking over the magnetic structure with local maxima over its boundaries 
































 is the vertical 
derivative. Thus, AS method depends on the first order derivatives of the horizontal and  
the vertical derivatives in the x, y, and z directions (Salem et al 2005). The resolution the 
of analytic signal is less than the horizontal derivative (Mousa and Al-rahim 2016) 
Reduced to Pole 
 Reduced to pole is a technique which is being applied in the frequency domain 
in order to convert the magnetic anomaly to a symmetrical pattern that can also be 
observed from vertical magnetization (Ansari and Alamdar, 2009). 
The magnetic anomaly shape relies on the susceptibility, shape of the body, the direction 
of its magnetization and direction of the regional field. If the magnetization regional field 
is vertical, the RTP technique transforms an anomaly into the anomaly that is detected 
(Alarifi, 2017). This technique is based on removing asymmetries of anomalies caused by 
nonvertical magnetization (Dobrin and Savit, 1988). However, removing the effect of the 
magnetic latitude from the anomalies reduces the total field to magnetic pole (Alarifi, 
2017). Macleod et al (1993) has indicated that RTP can be calculated in the wavenumber 






where θ is the wavenumber direction, I is the magnetic inclination, D is the magnetic 
declination and Ia is the inclination for amplitude correction. 
Euler Deconvolution Inverse Modelling  
Inverse modeling of total field magnetic data was performed by 3D located Euler 
deconvolution. Euler deconvolution estimates the depth and location of a magnetic source 
by examining the rate of change of the magnetic field as a function of distance 
(Thompson, 1982; Reid et al., 1990).  This technique can be applied to profile or grid 
data to solve for Euler’s Homogeneity Equation: 
(x-x0) dF/dx + (y-y0) dF/dy + (z-z0) dF/dz = N (B-F) 
where x0, y0, z0 is the source location whose magnetic field is F, measured at point x, y, z.  
B is the regional value of the Total Field. N is the Euler’s structural index (SI), which 
characterizes the source’s geometry. The SI can be varied from zero to three: 0 (contact 
of infinite depth), 1 (dike), 2 (pipe), and 3 (sphere).  The Euler method also yields 
estimates of the standard deviation of z0.  This quantity σ0 is treated as an “error bar” on 
the depth estimate and forms the basis for an algorithm that determines whether or not a 
depth estimate is to be retained.  This feature permits an uncertainty level in the depth 
estimate to be set such that all solutions falling below that threshold are discarded (Duff 
and Kellogg, 2019). 
Inverse modeling by 3D located Euler deconvolution involves a reduction to 
magnetic pole transform, and the calculation of an analytic signal grid. The reduction to 
magnetic pole transform converts magnetic data recorded in the inclined Earth’s 
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magnetic field to what they would look like at the magnetic pole, where the magnetic 
field is vertical. The transform locates anomalies above causative bodies, assuming that 
remanent magnetism is small relative to induced magnetism. The amplitude of the 
analytic signal is the square root of the sum of the squares of the derivatives in the x, y, 
and z directions (Duff and Kellogg, 2019): 









 The analytic signal is useful in locating magnetic sources, particularly where 
remanent magnetization or low magnetic latitude complicates interpretation, because the 
amplitude of the analytic signal of the total magnetic field produces a peak over magnetic 
contacts regardless of the direction of magnetization (MacLeod, et al., 1993). The peak 
values from analytic signal grid are used to guide the Euler algorithm in order to reduce 
the number of Euler solutions and the associated uncertainty (Thompson, 1982). Euler 
results were obtained using a structural index of two and a depth uncertainty of ten 
percent. 
Forward Modelling 
Simultaneous forward modeling of gravity and magnetic data was performed 
using an interactive, iterative technique within Geosoft GM-SYS software, which 
incorporates the methodology of Talwani et al. (1959) and Talwani and Heirtzler (1964) 
for computing the gravitational and magnetic response from a specified horizontal prism 
with a simple cross-sectional polygon geometry (in the plane of the model profile) and 
assigned density and magnetic susceptibility. Because of the elliptical shape of the 
magnetic source, a 2.5D forward model algorithm was used to calculate the resulting 
gravitational and magnetic fields. The 2.5D method allows the user to place finite limits 
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on the horizontal prisms that would normally extend to infinity in 2-D models. Polygon 
geometries, including the base of coastal plain sediments, base of Triassic basin fill, and 
depth to Moho, were constrained by three boreholes to the base of the coastal plain 
sediments, the Seisdata-4 seismic reflection data, and a seismic refraction velocity model 
(Leutgart et al., 1994). The geometry of these boundaries are important because they 
represent the strongest density contrasts along the model profile. With these preliminary 
geometries set, the polygons were assigned representative density and magnetic 
susceptibility values. Then polygon geometry, as well as assigned density and magnetic 
susceptibility values, for the intrusion that is the source of the Clubhouse Crossroads 
mafic pluton anomaly were varied to produce a consistent model solution, for which 
calculated anomaly best fit the observed anomaly. 
3.6 3-D Inversion Methods 
3-D Inverse Modelling 
 GM-SYS 3D utilizes a combination of Fast-Fourier Transform (FFT) and 
space-domain algorithms to calculate the total response of your model. Fast-Fourier 
Transform (FFT) and space-domain algorithms were used to calculate the total model 
response. Forward calculations were based on frequency-domain techniques by Parker 
(1972) and Blakely (1995). The continuous 3-D Fourier transform is defined according to 
the following convention 





Where (1) 𝑓3𝐷 is the Fourier operator X=(x,y,z) is the spatial position K is the 3-D wave 
vector where k≡(𝑘𝑥, 𝑘𝑦, 𝑘𝑧) and 𝑅
3 is the infinite 3-D domain of real numbers where the 
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function y(x) is defined.  y(x) is characterized by good convergence properties and 
satisfying the condition  
∫
𝑅3
∣ 𝑦(𝑥) ∣ 𝑑𝑥 < +∞ 
which ensures the Fourier transform equation (Tontini et al 2009). 
Derivation of Parker’s Gravity Equations 
 Tontini et al. (2009) demonstrated the generality and validity of the equations 
showing how can be recovered the particular well-known case of Parker 1972. If a 
density layer contained within two undulating surfaces z1(x,y) and z2(x,y), and thus the 
density is given by 
𝜌(𝑥) = 𝜌ℎ(𝑥, 𝑦) 
 
































𝑒−𝑖𝑘𝑧𝑧2(𝑥,𝑦) − 𝑒−𝑖𝑘𝑧𝑧1(𝑥,𝑦)] 












3-D Matlab Gravity Depth Inversion 
 In this study, 3-D gravity depth inversion was also accomplished using Matlab 
software. This technique is employed to locate the edges of the features. The math 
calculations are based on Fast Fourier Transformation (FFT). The technique is based on 
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the tilt angle of the first vertical gradient of gravity anomaly (Oruc, 2011). The technique 
was first proposed by Miller and Singh (2003), and developed by Verduzco et al. (2004) 
in order to be used for gridded data, and suggested to be used with the total horizontal 
derivative of the tilt angle as an edge detector (Oruc, 2011). The tilt angle is described 
with the equation 




where 𝑓 is the magnetic or gravity field and 𝜕𝑓/𝜕𝑥, 𝜕𝑓/𝜕𝑦, and 𝜕𝑓/𝜕𝑧 are the first 
derivative in x, y, and, z directions. The tilt amplitudes range between −𝜋/2 and +𝜋/2 
which corresponds to a wide dynamic range of amplitudes for sources at different depths 
(Oruc, 2011). Verduzco et al. (2004) stated that the angle is also employed as an 
automatic- gain-control-filter in order to equalize the results from weak and strong 
potential field anomalies. If the tilt angle technique is applied to the first vertical gradient 
(𝜕2𝑔𝑧/𝜕𝑧) of the gravity field (𝑔𝑧 = 𝑓), it provides new angle equation (Oruc, 2011) 
 





















 Fast Fourier Transform (FFT) technique calculates the vertical gradient of 
gravity data. Also, it calculates the vertical derivative of 𝑔𝑧 which is necessary for the 






where G=6.67x10−11𝑁.𝑚2/𝑘𝑔² is the gravitational constant, 𝜌 is the density 
distiribution in 𝑘𝑔.𝑚−3, x=(x,y.z) is the vector position of source volume, 
 𝑥0 = (𝑥0, 𝑦0, 𝑧0) is the vector of the measurement. 
VOXI Earth Modelling 
 3-D inversion of the gravity data was also accomplished by using the VOXI 
earth modelling tool in Geosoft Oasis Montaj. VOXI earth modelling is based on the 
algorithm of Li and Oldenburg (1998) with the density values from 2-D forward 
modelling results (Table 4.1). The tool minimizes the data misfit, and the model is 
updated through inversion. The inversion uses several iterations which are run until the 
difference between the gravity average of the inverted density model and the predicted 
model is reduced sufficiently (Kanthiya et al., 2008). The result of the final inversion 
model is a geometric model of the subsurface layers. The objective function  
𝜑𝑇 = 𝜑𝑑 + 𝜆𝜑𝑚 
where 𝜆 regularization parameter that is adjusted by the inversion algorithm in successive 
steps. Each 𝜆 represents the iteration in the inversion. The final model is the one that 
minimizes the objective function with the condition that is specified. When the misfit is 
close to 1, the inversion has successfully minimized the objective function based on the 
criteria. 
 Li and Oldenburg (1998) have proposed a gravity inversion using a vertical 
component of gravity field. The direct gravity inversion using vertical component of 
gravity field at ith observation location 𝑟𝑖  






Where 𝜌(𝑟) is the mass distribution caused anomaly, and 𝛾 is Newton’s gravitational 
constant. The data misfit is given by  
𝜑𝑑 = ‖𝑊𝑑(𝑑 − 𝑑
𝑜𝑏𝑠)‖2
2 
where 𝑑𝑜𝑏𝑠 = (𝐹𝑧1, … , 𝐹𝑧𝑁)
𝑇 is the data vector, 𝑑 is the predicted data, 𝑊𝑑 =
𝑑𝑖𝑎𝑔{1/𝜎1, … , 1/𝜎𝑁} and 𝜎𝑖 is the error standard deviation and also is associated with the 
ith datum. The highest confidence model is the one that makes ∅𝑑 very small. The 
purpose is here to reduce the misfit to the desired value.  
 The objective function of the form, 
𝜑𝑑(𝜌) = 𝑎𝑠∫ 𝑤𝑠
𝑉



















where 𝑤𝑠, 𝑤𝑥, 𝑤𝑦, 𝑎𝑛𝑑 𝑤𝑧 dependent weighting functions. 𝑤𝑧 is a depth weighting 
function. 𝑎𝑠, 𝑎𝑥, 𝑎𝑦, 𝑎𝑛𝑑 𝑎𝑧 are coefficients that affect the significance of different 
components in the objective function (Li and Oldenburg, 1998).   
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CHAPTER 4 
RESULTS AND CONCLUSIONS 
4.1 Magnetic Results 
Total Magnetic Intensity (TMI) 
 Total magnetic intensity anomaly ranges between 414.4 and -159.1 nT in the 
study area. The maximum values indicate CAMP intrusive plutons in light pink color. 
Blue and green colors are associated with low anomaly values (Map 4.1). 
 
Figure 4.1 Total Magnetic Intensity of study area. 
 
Reduced to Pole (RTP) 
 Reduced to pole (RTP) filter is used to migrate the observed field
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from abservation inclination and declination to what the field which is at the magnetic 
pole. RTP filter locates anomaly directly above the source (Figure 4.2).  
The method is based on  inclination and declination angle removal. There are small 
differences between TMI and RTP. Map (Figure 4.2) highlights the high values over the 
CAMP mafics in the range between ~268- ~480 nT. 
  The analysis of the total magnetic intensity when using the reduced to pole 
method produced a reduction in the effect of magnetic variations caused by the dipole 
magnetic field. The observed field from observation inclination and declination migrates  
to what the field would look like at the magnetic pole. This aids in the interpretation, 
since any asymmetry in the reduced to pole field can be attributed to source geometry 
and/or magnetic properties (Geosoft). The anomalies in the RTP magnetic map are 
located directly above the source. This method uses inclination and declination values of 
630 and -7.200. 
 
Figure 4.2 Reduced to Pole Map 
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Analytical Signal Method (AS) 
 The analytic signal (AS) method was succesfully applied to the magnetic 
anomaly data. The analytic signal is peaked over the location of the causative anomaly 
bodies. The AS calculations are independent of the earth magnetic field direction. 
Therefore, the anomalies are shifted to the top of the source bodies. Figure 4.3 shows the 
CAMP bodies. The anomalies shown in blue and green colors show the values of low 
magnetic anomalies. Additionally, the high AS anomalies shown in pink and red colors 
of CAMP mafics were highlighted after applying the reduced to pole filter (Figure 4.3).  
 
Figure 4.3 Analytic Signal of the Total Magnetic Intensity Map 
Tilt Derivative Method (TDR) 
 The tilt derivate method was used to enhance and sharpen the magnetic 
anomalies of the source body. Northwest trending Jurassic (CAMP) mafic dikes can be 
easily identified on the tilt derivative map clearly (Figure 4.4).   
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Figure 4.4 Tilt derivative of the reduced to the pole magnetic anomalies. 
4.2 2-D Forward Modeling of Potential Field Data 
 I began with 2-D forward modeling because profile geometry can be 
constrained by well, seismic, gravity, and magnetic data. The forward modeling of 
potential field data was performed using Geosoft GM-SYS software with an interactive 
method based on the methodology of Talwani et al (1959) and Talwani and Heirtzler 
(1964) for computing the gravitational and magnetic response from a specified horizontal 
prism with a simple cross-section polygon geometry based on density and susceptibility 
(Duff and Kellogg, 2019). There are 4 model profiles (Figure 4.5) constructed over the 
CAMP Clubhouse Crossroads mafic pluton based on well, seismic, gravity, and magnetic 
data. Profile 1 was constructed by Duff (2015) based in part on the SEISDATA 4 seismic 
reflection profile and was used as a reference profile for the others (Figure 4.5).  
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Figure 4.5 Forward model profile locations shown on the Total Magnetic Intensity Map. 
 
 
Figure 4.6 Forward model profiles located on the Gravity Map. Available wells in the 
study area are shown as black dots. 
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2.75 Holbrook, et al. (1994) 
Cumbest, et al. (1992) 
Luetgert, et al. (1994) 
 
Mafic Intrusions 3.0 Duff, et al. (2017) 
Cumbest, et al. (1992) 
Beck (1965) 
Coastal Plain Sediments 2.0 Luetgert, et al. (1994) 
Cumbest, et al. (1992) 
Triassic Sediments 2.45 Luetgert, et al. (1994) 
Cumbest, et al. (1992) 
Basement 2.94-3.04 Luetgert, et al. (1994) 
Christensen, et al. (1995) 




2.73-3.3  Sharma (1997) 
Gabbro 2.85-3.12  Sharma (1997) 
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 It is clear that the densities of some sedimentary lithologies increase 
significantly with depth as compaction reduces pore space.  
 
31 
Table 4.3 Magnetic Susceptibilities Used in Forward Modelling 
Unit Susceptibility (cgs) Reference 
Allochthonous Crust (per-
Gondwanan/Gondwanan) 
0 Sumner (1997) 
Cumbest et al. (1992) 
Mafic Intrusions 0.012 Sumner (1977) 
Beck (1965) 
Coastal Plain Sediments 0 Cumbest et al. (1992) 
 
 The 2-D model polygon geometries include the base of the coastal plain 
sediments, Triassic basin horizons, the mafic pluton, and crustal layers. Table 4.1 and 
Table 4.2 show the density and the susceptibility values used for profile polygons. 
 No remanent magnetization was assumed for the CAMP mafics in any of the 
profiles. Hollbrook et al (1994) indicated that it is difficult to estimate the remanent 
magnetization with little direct evidence given uncertainties in the age, duration, and 
direction of the paleofield (Duff and Kellogg, 2019). 
SEISDATA 4 Profile 1 
 The first profile follows a segment of the SEISDATA 4 seismic reflection line. 
The calculated gravity and magnetic fields for the model fit the observed fields. The body 
averages ~1.5 km thick and is located at 1-3 km depth. The assumed density for Upper 
CAMP is 2.88 and the susceptibility is 0.015. The assumed density for Lower CAMP is 
3.2, and the susceptibility is 0.012 (Figure 4.9). The body extends ~35 km along the 
profile. 
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Figure 4.7 Magnetic Map of South Carolina showing the Clubhouse Crossroads mafics 
in red oval.  
 
 The figure below is a part of the SEISDATA 4 Seismic reflection profile. 
 
 










Figure 4.9 Seisdata 4 Profile 1 crossing Clubhouse Crossroads. Dotted black lines: observed gravity below and observed magnetic 





 The second profile (Figure 4.10) is perpendicular to the first profile SEISDATA 
4. The model calculated gravity and magnetic anomalies fit the observed anomalies. The 
modelled mafic body is up to 2 km thick and located at 1-3 km depth. Profile 2 is 
consistent in density and susceptibility and polygon geometry with profile 1 at their 
intersection. This is the longest profile extending ~80 km. 
Profile 3 
 The calculated gravity anomalies for the third profile (Figure 4.11) fit the 
observed very well; however, remanent magnetization may be required to explain the 
observed magnetic field. The mafic body is up to 2 km thick and located at 1-3 km depth. 
It extends 40 km along the profile. 
Profile 4 
 The model calculated gravity for the fourth profile (Figure 4.12) fits the 
observed gravity, but remanent magnetization may be required to explain the observed 
magnetic anomalies. The model mafic body is up to 2 km thick and located at 1-3 km 
depth. The body extends ~30 km along Profile 4.  
 Overall, the four (4.9, 4.10, 4.11, and 4.12) profiles show different trend 
directions. For example, Profile 1, 3, and 4 locate from northwest to southeast, 
furthermore, Profile 2 locates from southwest to northeast. On the profiles, the figures are 
shown to have dotted, black, and red lines. The dotted black lines resemble observed 
gravity and observed magnetic anomalies. Additionally, solid black lines represent 








Figure 4.10 Profile 2.  Dotted black lines: observed gravity below and observed magnetic anomalies above. Solid black lines: 









Figure 4.11 Profile 3. Dotted black lines: observed gravity below and observed magnetic anomalies above. Solid black lines: 










Figure 4.12 Profile 4. Dotted black lines: observed gravity below and observed magnetic anomalies above. Solid black lines: 





4.3 3-D Inverse Model of Mafic Intrusive Body 
 3-D inversion is based on Fast Fourier Transformation (FFT) and space-domain 
algorithms to calculate the total model response. The forward calculations are based on 
the frequency domain technique by Parker (1972) and Blakely (1983). 
 Inversion of the gravity field is more reliable than the magnetic field for 
prediction of source rock geometries because densities are predictable with small 
variations vs the variable direction of the magnetic field, order of magnitude variability in 
magnetic susceptibilities, and uncertainties of remanent versus induced magnetization.  
 For the GM-SYS 3D inversion model, the first step 1) is to forward model the 
well-known coastal plain sediment layer (Figure 4.13). 2) With an assumed 
intrusive/Triassic sediment density contrast, the gravity was then inverted to map the 
depth of the top of the mafic intrusive/Triassic sediment contact (Figure 4.13). 3) Finally, 
the residual gravity was inverted to calculate the depth to the base of the mafic 
intrusive/Lower Triassic contact.  
 
Figure 4.13 Upper and lower bounds of the Coastal Plain sediment layer. Red arrow: 





Figure 4.14 Inverted gravity for the top of mafic intrusive. Upper bounds of the 
Clubhouse Crossroads mafic intrusive. Red arrow: north. Depth scale in meters. No 
vertical exaggeration. 
 
 The 3-D inverse model (Figure 4.16) predicted up to 2 km thick source 




















Figure 4.16 3-D inverse model (above) predicts up to 2 km thick mafic source geometry. Result is similar to 2-D forward model - 






Figure 4.17 3-D Gravity-Fourier Matlab depth inversion. Depth in km.  Horizontal scale 
in units of 10 km. Results are similar to GMSYS 3D inversion, but with lower resolution. 
The locations of profiles are shown in Figure 4.15.  
 
3-D Gravity-Fourier Matlab depth inversion results (Figure 4.17) are similar to 
GMSYS 3D inversion results (Figure 4.16), but with lower resolution. Unlike the 
GMSYS inversion, no coastal plain layer or density contrasts were forward modeled. 





Figure 4.18 Voxi Earth Modeling. Voxi gravity inversion highlights the locations of two 
dense conduits (blue arrows) for the Clubhouse Crossroads mafic intrusion. Red arrow: 
North. Scale is in meters. The vertical dimension of the volume is about 20 km. No 
vertical exaggeration.  
 
The results of Voxi inverse earth modeling are shown in Figure 4.18. No coastal 
plain layer was modeled and no density contrasts were assumed. The inversion was 
repeated in an iterative process that minimized the misfit between observed and 
calculated. All low density areas have been clipped in Fig. 4.18, leaving the locations of 
two deep dense conduits for the Clubhouse Crossroads mafic body.  
4.4. Is the Clubhouse Crossroads mafic intrusive a laccolith or mafic sill? 
Shallow mafic intrusions often fall into two general categories, mafic sills or 
laccoliths. Mafic sills are characterized by high aspect ratios, length/thickness (L/T) and 
shallow emplacement depths (100–3000 m) (Mudge, 1968; Francis, 1982; Leaman, 
1975).  L/T ratios of large mafic sills ranges from 200 to 2000, corresponding to 




Laccoliths are igneous intrusions with a flat floor, steep sides and a slightly 
arched to flat roof emplaced at crustal depths less than 3 km (Gilbert, 1877; Johnson and 
Pollard, 1973; Corry, 1988). They are inferred to grow by upward bending of their wall 
rocks during vertical inflation of magma after initial emplacement of a bedding parallel 
sill. Laccolith growth commonly occurs by multiple injection of sheets over timescales 
ranging from 100 years to 100 kyr (Jackson and Pollard, 1988; de Saint‐ Blanquat et al., 
2006; Michel et al., 2008). Laccoliths range in horizontal dimension, L ≈ 500 m to 20 
km, and vertical dimension from T ≈ 15 m to 2500 m with a mean aspect ratio L/T is ≈ 
10, ranging from 1.7 to 45. 
The Clubhouse Crossroads mafic intrusion aspect ratio L/T (length/thickness) 
averages 35 km/750 m ~ 47. The Clubhouse Crossroads intrusion therefore is a broad 
laccolith. It may well have begun with the initial emplacement of bedding parallel sills 
 
 
     
Figure 4.19 Schematic image of laccolith (above) and mafic sill (below) (after Bunger 





4.5 Volume Estimation and Density Uncertainties 
 Uncertainties regarding the densities of the basalts, diabase, and gabbros in the 
Clubhouse Crossroads mafic laccolith will introduce errors in the estimation of the total 
thickness of the intrusion. Basalts, diabase, and gabbros all show similar ranges of 
densities from 2.7 gm/cm
3
 to 3.2 gm/cm
3
 (Tables 4.1 and 4.2). For the 2-D forward 
models, I assumed a density of 2.88 gm/cm
3
 for the upper CAMP intrusive and 3.2 
gm/cm
3
 for the lower CAMP intrusive. This gave a density contrast of 0.18 gm/cm
3
 
between the intrusive and the upper Triassic red beds (2.7 gm/cm
3
) and a contrast of 0.39 
gm/cm
3
 with the lower CAMP and the middle Triassic red beds (2.81 gm/cm
3
). The 
average density for gabbros, diabase, and gabbros is 2.98 gm/cm
3
 (Tables 4.1 and 4.2). If 
we assume the average density of 2.98 gm/cm
3
 for the mafic intrusives in profile 2 
(Figure 4.10), the maximum thickness of the intrusive body would show a minor increase 
from 1.73 km to 1.92 km or about 11%. The minimum density of 2.7 gm/cm
3
 cannot 
produce the observed positive gravity anomalies, because it is less than or equal to the 
density of the surrounding Triassic red beds. If we assume the maximum density of 3.2 
gm/cm
3
, the thickness of the intrusive would decrease to 0.79 km (a 46% decrease). 
However, a 3.2 gm/cm3 density for the Clubhouse Crossroads mafic intrusives is 
unrealistic, so a maximum thickness ranging from 1.73 to 1.92 km is the most realistic 
estimate.  
 Since the three Clubhouse Crossroads wells did not encounter diabase rocks, the 
top of the intrusive may be deeper than predicted in the models. The deepest well CC3 
terminated in Triassic red beds at about 1200 meters depth (Figure 1.3). This therefore is 




of the laccolith, the greater the thickness required to produce the observed positive 
gravity anomalies. Note that the Summerville oil well just north of the study area (Figure 
2.1 red triangle) encountered diabase rocks at a depth of 783 m (Getz, 2013). The shallow 
“B” reflector observed nearby at a depth of about 1200 m and a seismic velocity of 6.4 
km/sec may correspond to diabase intrusive rocks and not metamorphic basement as 
previously interpreted.  
The volume of the CC laccolith is conservatively estimated as about ~65 km x 
~20 km
2
 1300 𝑘𝑚3 based on the four 2-D forward model profiles and the 3-D inversion 
(Figure 4.20). The Clubhouse Crossroads Laccolith is over 8 times the volume of the 









Figure 4.20 The extent of CAMP mafic bodies along with the 2-D forward model 
profiles. ~65 km x ~20 𝑘𝑚2 = ~1300  𝑘𝑚3. 
 Getz (2013) estimated the proposed extent of the Clubhouse Crossroad basalt J 
reflector based on refraction and reflection geometry (Figure 4.21). The proposed basalt 
area is ~3700 𝑘𝑚2. For an average flow thickness of 0.3 km, the basalt volume would be 
~23km² 





~1100 𝑘𝑚3.  Adding that to the laccolith volume estimated in this study ~1300 𝑘𝑚3 

















Figure 4.21 Lateral extent of Clubhouse Crossroads basalt (After Getz, 2013). Clubhouse 





Figure 4.22 Refraction and reflection velocities for the J horizon in the Summerville 
Clubhouse Crossroads area. Yellow rectangle shows the study area (After Getz, 2013).  
 
 From the figure above, it can be seen that the northeast to southwest direction of 
the study area which is the location of profile 3 is well constrained by seismic reflection 
and refraction surveys (Figure 4.22). The velocities range between 4.7 and 5.7 km/s. 







Figure 4.23 Nafe and Drake Velocity to Density Curve (Birch, 1964). 
 The NE side of the study area is well constrained by seismic reflection and 
refraction surveys, and J horizon velocities range between 4.7 and 5.7 km/s. The 
velocities correlate with igneous rock densities of about ~2.8-2.95 gm/cm3 (Figure 4.23). 






 The Clubhouse Crossroads mafic intrusive is a diabase/gabbro late CAMP or 
CAMP age laccolith fed by two conduits. Based on density and magnetic forward and 
inverse models, the laccolith is up to 2 km thick and extends from 1 to 3 km depth over 
1900 km2. The volume of the CC laccolith is ~ 1300 km3. Previous estimates of CC 
basalt volumes based solely on drilling and seismic reflection may greatly underestimate 
the total volumes of CAMP preserved under the Coastal Plain. The Clubhouse 
Crossroads laccolith may also provide a large potential reservoir for CO2 sequestration.  
Further age dating is needed to confirm the ages of the Clubhouse Crossroads basalts as 
well as the diabase in the Summerville oil well and elsewhere under the coastal plain. 
This is important to bracket the ages of intrusive mafic activity to relate to either the 
massive CAMP Large Igneous Province event at 200 Ma or to initial North Atlantic 
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